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ABSTRACT When inorganic phosphate (Pi) is photogenerated from caged Pi during isometric contractions of glycerinated
rabbit psoas muscle fibers, the released Pi binds to cross-bridges and reverses the working stroke of cross-bridges. The
consequent force decline, the Pi-transient, is exponential and probes the kinetics of the power-stroke and Pi release. During
muscle shortening, the fraction of attached cross-bridges and the average strain on them decreases (Ford, L. E., A. F. Huxley,
and R. M. Simmons, 1977. Tension responses to sudden length change in stimulated frog muscle fibers near slack length.
J. Physiol. (Lond.). 269:441-515; Ford, L. E., A. F. Huxley, and R. M. Simmons, 1985. Tension transients during steady state
shortening of frog muscle fibers. J. Physiol. (Lond.). 361:131-150. To learn to what extent the P1 transient is strain dependent,
muscle fibers were activated and shortened or lengthened at a fixed velocity during the photogeneration of Pi. The Pi
transients observed during changes in muscle length showed three primary characteristics: 1) during shortening the Pi
transient rate, kp;, increased and its amplitude decreased with shortening velocity; kp, increased linearly with velocity to >110
s-1 at 0.3 muscle lengths per second (MLIs). 2) At a specific shortening velocity, increases in [Pj] produce increases in kp; that
are nonlinear with [Pi] and approach an asymptote. 3) During forced lengthening kp; and the amplitude of the P, transient are
little different from the isometric contractions. These data can be approximated by a strain-dependent three-state cross-
bridge model. The results show that the power stroke's rate is strain-dependent, and are consistent with biochemical studies
indicating that the rate-limiting step at low strains is a transition from a weakly to a strongly bound cross-bridge state.
INTRODUCTION
Because the release of inorganic phosphate (P1) from
AM.ADP.Pil is associated with a large free energy change,
it has been suggested that the release of Pi is directly
associated with force generation during the cross-bridge
cycle (White and Taylor, 1976; Eisenberg et al., 1980; Sleep
and Hutton, 1978; Hibberd et al., 1985). There are three
lines of evidence, however, that suggest the release of Pi
follows a force-producing isomerization of the AM.ADP.Pi
state. First, if a fully activated isometrically contracting
muscle is pressurized to 10 MPa, the force is reduced by
-8%. When the pressure is rapidly reduced to an atmo-
spheric value, force increases with a rate constant of
-20-30 s-1 without a change in the I1.1/I1.0 x-ray diffrac-
tion ratio (Knight et al., 1993; Fortune et al., 1991). Addi-
tionally, the rate of this force rise increases in a nonlinear
saturating fashion as [Pi] rises, consistent with the existence
of a force-generating cross-bridge isomerization before the
release of Pi (Fortune et al., 1994). Second, force produced
by isometrically contracting muscles is reduced following
the photogeneration of Pi from 1-(2-nitrophenyl)ethylphos-
phate (caged Pi). These studies show that force decays at a
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rate that increases nonlinearly and asymptotically with [Pi].
This behavior again is inconsistent with a single force-
generating step directly produced by a Pi release (Dantzig et
al., 1992; Millar and Homsher, 1990; Walker et al., 1992.)
Furthermore, there is a 1-4-ms lag after the Pi release and
preceding force decay, which is also inconsistent with Pi
binding directly reversing the force-producing step. Finally,
using sinusoidal analysis, Kawai and collaborators (Kawai
and Halvorson, 1991; Kawai and Zhao, 1993; Zhao and
Kawai, 1994) have shown that the ratio of stress change to
strain change in the frequency domain can be described by
four processes (A-D). Their exponential process B also
exhibits a hyperbolic dependence on [Pi] that is similar to
that observed in the pressure-jump and [Pi]-jump studies.
Kawai and Halvorson (1991) have also interpreted their data
as indicative of the presence of a force-generating isomer-
ization preceding release of Pi. A weakness common to
these approaches is that, aside from the work on the P1
transient (Dantzig et al., 1992), the data were interpreted
using strain independent kinetic models, as is done in solu-
tion studies. However, the nonlinear dependence of the rate
of ATP hydrolysis and heat+work production on muscle
shortening velocity (Woledge et al., 1985) and the rapid
tension transients seen during rapid releases and stretches
(Ford et al., 1977) suggest the cross-bridge cycle kinetics
are strongly influenced by cross-bridge strain.
Attempts to model the cross-bridge cycle during different
mechanical states have relied heavily on strain-dependent
rate constants to approximate the cross-bridge behavior
(Eisenberg et al., 1980; Pate and Cooke, 1989a; Smith and
Geeves, 1995). Since P1 transients reflect the cross-bridge
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transitions associated with force generation, insight might
be gained about the strain dependence of these processes by
characterizing the dependence of the Pi transient on me-
chanical strain. Thus, in the work described below, Pi tran-
sients were measured in muscle fibers during steady-state
shortening at various velocities. We assume that during
shortening, the average strain exerted by cross-bridges is
reduced. We hypothesize that the effect of the reduced strain
will be manifest in changes in the P1 transient rate and
amplitude. In the experiments described below, single mus-
cle fibers, equilibrated in caged Pi, were maximally acti-
vated under isometric conditions. The fibers were then
allowed to shorten at various velocities, and as steady-state
force was approached, P1 was photogenerated and the re-
sultant decline in force (Pi transient) monitored. These ex-
periments revealed that during shortening, the rate of the
phosphate transient, kp;, increases in almost linear propor-
tion to the shortening velocity. Furthermore, the amplitude
of the Pi transient (Ampp;) is reduced by shortening and to
a greater extent than the reduction in steady-state force
produced by shortening. This result suggests that there are
more than one force-bearing state in the muscle, and that
during shortening, the force exerting AM.ADP state that
binds Pi is reduced to a greater extent than is force. Finally,
at a fixed shortening velocity, kp; exhibits a hyperbolic
relationship with respect to [Pi] similar to that seen in the
isometric contractions. These results can be approximated
by an extension of the strain-dependent model used in
earlier work (Dantzig et al., 1992). The general significance
of these experiments is that they seriously limit the strain
dependency one may use in cross-bridge models. Prelimi-
nary results from these studies have been reported
(Homsher and Lacktis, 1988).
MATERIALS AND MATERIALS
Solutions
All fiber solutions were maintained at 200 mM ionic strength (at pH 7.1
and 10°C) and contained (in mM) 100 N,N-bis[2-hydroxyethyl-2-amino-
ethanesulfonic acid, 6 MgATP, 1 Mg2+ (added as magnesium acetate), 20
potassium acetate, 20 EGTA, and 15 creatine phosphate, as well as 200
U/ml creatine phosphokinase (Sigma, St. Louis, MO). Preactivation solu-
tions contained 2 mM EGTA and 18 mM HDTA. For activation solutions,
the ratio of Ca2+-EGTA/K2EGTA was adjusted to obtain a pCa of 4.5
while holding the total EGTA content fixed at 20 mM. The [Pi] of
preactivation and activation solutions was adjusted by reducing potassium
acetate and adding potassium phosphate at pH 7.1. All solutions contained
contaminating Pi from breakdown of ATP and creatine phosphate in stock
solutions. The contamination level of Pi was assumed to be 0.7 mM (Millar
and Homsher, 1990) and is reflected in the Pi reported in the text. For caged
Pi solutions, preactivation and activation solutions contained 5 mM caged
Pi and 10 mM dithiothreitol. Caged Pi was synthesized and purified as
described previously (Dantzig et al., 1992). Contamination by [Pi] in the
caged P1 was <2% and this contaminating Pi, as well as caged Pi binding
to cross-bridges, reduced force in activated fibers by - 10% (Dantzig et al.,
1992). The sequence of fiber exposure to the relaxing, preactivation, and
activation solutions were as previously described (Dantzig et al., 1992).
Mechanical measurements
Psoas muscle fibers from female New Zealand White rabbits were demem-
branated by a glycerol-extraction method (Goldman et al., 1984), stored at
-20°C, and used for up to 6 weeks. Procedures for mounting short
(2.5-4.7 mm) lengths of fiber using t-clips, thermostating (all experiments
were at 10 ± 0.5°C), exchanging solutions, and making force and sar-
comere length measurements were as previously described (Dantzig et al.,
1992). One end of a fiber was attached to either a Cambridge Technology
400 (Cambridge, MA) or SensoNor AE801 strain gauge (Horten, Norway)
for force measurements, while the other was attached to a length driver
(Ling 100A shaker motor) (Homsher and Rall, 1973). The servo-controlled
length driver allows for length maintenance, isovelocity-ramp shortening
or stretching, or variable-length quick releases (up to 300 ,Jm displacement
in <2 ms) followed by a variable isovelocity displacement. Sarcomere
length was generally set at 2.7-2.8 ,um/sarcomere, but for experiments in
which muscles were forcibly lengthened, the initial length was reduced to
2.5 ,um.
Photolysis of caged Pi
The [Pi] in fibers was rapidly increased by photolysis of caged Pi using a
frequency-doubled dye laser (UV-500, Candela, Bedford, MA). The fre-
quency-doubled secondary beam was isolated and focused onto the fiber by
passing through WG305 and UG 1I filters and a plano-convex cylindrical
fused silica lens (focal length = 10 cm). The fibers were carefully masked
with stainless steel sheets positioned 2 mm above the fiber so that the laser
beam could not strike the t-clips used to attach the muscle fiber to the
transducer hooks. Control experiments in fibers in solutions without caged
compounds showed that the laser pulse produced no thermal or light noise
on resting or fully activated force records. A detailed description of the
methods for photolysis of caged Pi, using the frequency-doubled dye laser,
is provided in an earlier publication (Millar and Homsher, 1990). Before
each experiment, the laser was adjusted to deliver 30 mJ of 320 nm light
(measured by a Scientech 365 digital energy meter) so as to rapidly release
1 mM P1 from the 5 mM caged Pi activation solution. In several instances
the energy was increased to 45 mJ to release 1.5 mM of Pi.
Data reduction
Data were acquired at 1-20 kHz and analyzed using the program KFIT
(written by Dr. Neil Millar). This program also provides user-defined curve
fits to the data by a nonlinear least-squares procedure with the use of a
Marquardt technique (Press et al., 1986). All the P1 transients were fit to an
equation of the form
Y = Al + A2*(l - exp[-A3*t]) + A4*t (1)
where Al is the starting force, A2 and A3 are the exponential amplitude and
rate constant, respectively, and A4 is a constant slope. Fibers were excluded
if the control level of isometric force decreased by > 10% during the course
of an experiment. Unloaded shortening velocity (Vu) was measured using
the "slack-test" method (Edman, 1979). The experiments were performed
in two series. V. (referenced to a sarcomere length of 2.25 J,m) measured
in the first series averaged 1.90 ± 0.13 muscle lengths (ML)/s (n = 5), and
in the second series, Vu was 2.15 ± 0.1 MLUs (n = 19). For experiments
in which Vu was not measured it was assumed to be 2 MLUs.
Modeling was done using QBASIC programs written specifically to
simulate a particular reaction sequence.
RESULTS
The effect of shortening on kpi and Ampp; during
isovelocity shortening
Fig. 1 is a slow time-base recording of force production
(a, b) and displacement (c) of a single muscle fiber that was
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FIGURE 1 The time course of force (a and b) and shortening (c) on a
slow time base. a is the tension of a control contraction in which the fiber
was activated at pCa 4.5; shortening (at 0.1 ML/s, for a distance 156 Jim
(4% ML) in 0.4 s) begins (indicated by the down arrow) -5 s after
beginning of activation of the fiber. During shortening, force declines to
81% of the isometric value. At the end of shortening the muscle redevelops
force to near maximal values. b, from the same fiber, behaves identically,
except that 0.2 s after the beginning of shortening, the muscle is pulsed
with a burst of laser energy to release Pi, subsequent to which force
declines. The fiber is that used in Fig. 6.
fully activated (in a solution containing 5 mM c-Pt). After
force approached an isometric steady state, the fiber was
allowed to shorten at a fixed velocity (0.1 ML/s in Fig. 1)
for a distance of -4.5% of the fiber's length. In record a,
the control, force declines during shortening to nearly a
steady value, and with the cessation of shortening, redevel-
ops force to the preshortening level. In recording b, the
same protocol as in a is used, but 200 ms after the beginning
of shortening, the fiber was flashed (indicated by upward
arrow) to release 1 mM Pi from c-Pi, which produced a
rapid decline in force. Fig. 2 illustrates typical transients
recorded on a faster time base for three specific cases: an
isometric contraction during which Pi was photogenerated
(a); two contractions (records b and c) in which the muscle
shortened at a velocity of 0.1 ML/s (b), and when Pi was
liberated during shortening (c); and two contractions similar
to b and c with shortening at 0.2 ML/s (d and e). In the
shortening contractions, e.g., at 0.1 ML/s, record c was
shifted vertically so that the force traces would superimpose
for the period before Pi was photoliberated; at 0.2 ML/s
record d was lowered slightly to produce the same super-
0 I I I
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time (s)
FIGURE 2 Superimposed force recordings and the response to a Pi jump
by two muscle fibers contracting isometrically (a), shortening at 0.1 ML/s
with (c) and without (b) a Pi jump, and shortening at 0.2 ML/s with (e), and
without (d) a Pi jump. The displacement records for 0.1 ML/s and 0.2 ML/s
are shown in traces f and g. Pi was liberated at the point indicated by the
upward pointing arrow. The vertical bar to the left corresponds to 38
kN/m2; the time base at the bottom corresponds to zero force and the
numbers indicate the time in seconds before (negative) or after (positive)
the laser flash. The maximal isometric force for this muscle was 233
kN/m2, the fiber length was 3.49 mm at a sarcomere spacing of 2.80 Am.
The rate of shortening in this case was 140 ,um/0.4 s (0.1 ML/s), and 280
,nm/0.4 s (0.2 ML/s). The force during shortening after the laser flash
averaged 0.655 P0 (0.69 -0.62 PO) for the contraction at 0.1 ML/s and 0.475
PO (0.495-0.455 PO) at 0.2 ML/s. Fiber cross-sectional area = 6165 ,um2.
imposition on record e. With this superimposition of records
one can discern the effect of Pi liberation on the force. The
five traces show the pattern typical in these experiments. In
the isometric contraction, the generation of 1 mM Pi pro-
duced a 12% decrease in tension within 150-200 ms. With
the fiber shortening at 0.1 ML/s, there was a smaller (-3%
of the force in the isometric contraction) and faster (<100
ms) force decline. At a still higher shortening velocity (0.2
ML/s), the effect is even more pronounced; here the force
decline is <2% of the isometric force and the transient is
complete in <50 ms. This behavior is better seen in Fig. 3,
which plots the difference between force produced by the
shortening control and the paired shortening and "flashed"
experimental contractions, normalized to the preflash force.
This protocol compensates for the effects of shortening on
force. In Fig. 3, the trace labeled isometric is the isometric
control; the trace labeled 0.1 ML/s is the difference (record
b - record c in Fig. 2) observed during shortening at 0.1
ML/s; and the trace labeled 0.2 ML/s is the difference
(record d - record e in Fig. 2) seen at 0.2 ML/s. The results
are unequivocal in that least-squares fits (indicated by the
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FIGURE 3 Plots of the Pi transients in the isometric and isovelocity at
0.1 ML/s and 0.2 ML/s from the data shown in Fig. 2. The force in each
case is referenced to the force (Pf) immediately preceding the Pi transient
(100%) and the arrows to the left of the figure designate the 100% value for
each recording. The traces were slightly shifted vertically to simplify
identification of the recordings. Solid lines are least-squares fits of the data
by Eq. 1. The results of fitting of the data are as follows: for record
isometric, starting point (st. pt., zero time) = 100.7%, Amppi = - 12.0%,
and the rate constant for the exponential phase is 21.7 s- ; for (0.1 ML/s),
st. pt. = 101.2%, Ampp; = -5.4%, rate = 61.6 s-1; for (0.2 ML/s), st.
pt. = 101.4%, Amppi = -4.7%, and rate = 106 s-1.
solid lines in Fig. 3) of exponential equations to the records
show that the rate of the force decline, kpi, is markedly
accelerated (from 21.7 s- in the isometric case to 106.2 s1-
at 0.2 ML/s) and reduced in size (Amppi, from 12% of the
preflash force to 4.7% of the preflash force) by muscle
shortening at 0.2 ML/s. This type of experiment was per-
formed over a range of velocities from 0.05-0.20 ML/s, and
the results, analyzed as in Fig. 3, are summarized in Figs. 4
(kpi, filled circles) and 5 (Ampp;, filled circles). The aver-
aged data indicate that as shortening velocity increases,
there is a linear increase in kp; and a reciprocal fall in
Amppi.
A separate series of experiments were conducted in
which isometric force was reduced to a predetermined value
by a small quick (<2 ms) release followed by shortening at
a constant velocity (e.g., 0.1 ML/s) to hold force constant.
The results of these experiments are plotted as open circles
in Figs. 4 and 5 and are indistinguishable from those ob-
tained by isovelocity shortening alone. A linear extrapola-
tion of the kpi versus shortening velocity suggests that at V.,
2ML/s, kpi is >500 s- 1 (not shown). Reliable measurements
of the Pi transient rate at higher velocities were not possible,
as the signal-to-noise ratio became too small for accurate
resolution. The amplitudes of the isometric Pi transients in
this series were smaller than those in the initial series and
those reported earlier (Dantzig et al., 1992). However, iso-
metric kpi and isovelocity kpi and Amppi were not different,
Shortening Velocity (ML/.)
FIGURE 4 Plots of the averaged Pi transient rates during shortening at
velocities given on the abscissa. The closed circles are from experiments in
which the shortening was at fixed velocity throughout the shortening, while
those in open circles were obtained using the sudden release to bring the
force near the steady-state force before isovelocity shortening. The num-
bers in parentheses are the number of fibers from which the data were
obtained, while the bars on either side of the data points are standard errors
of the mean. The data from the two sets of experiments are so similar that
they are fitted by single line whose linear least-squares fit is given by the
equation kp1 rate (in s- ) = 29.8(±1.5) + 265(±10) X (shortening
velocity (ML/s)), r2 = 0.998. The solid line represents the kp1 three-state
strain-dependent model (see Discussion).
so that an increased contamination by Pi can not be the
reason for the difference.
The effect of [Pj1 on kp; and Amppi
during shortening
Previous studies have shown that kpi increases as the [Pi]
increases, but the relationship is approximately hyperbolic
and indicative of a saturating process (Dantzig et al., 1992;
Walker et al., 1992). In the following series of experiments,
we varied the initial [Pi] concentration and again measured
kpi and Amppi in isometric and isovelocity shortening (0.1
ML/s) contractions. This velocity was selected because it
approximately doubles kpi and the Amppi is still relatively
easy to measure. As the initial [Pi] increases, force is re-
duced, decreasing the signal-to-noise ratio and making the
effects more difficult to resolve. We therefore limited initial
[Pi] in the contraction solutions to 0.7 mM, 1.6 mM, 2.5
mM, or 4.3 mM Pi. Since these experiments required a large
number of contractions (at least 17 contractions/relaxation
cycles and 6 laser flashes), we did not obtain a complete
series on any one muscle fiber. The records in Fig. 6
illustrate the basic results from a single fiber. Records a and
d are isometric contractions at an initial Pi concentration of
0.7 and 2.5 mM Pi, respectively. At the arrow (defined as
t = 0) an additional 1.5-mM Pi was photo-generated in the
0
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FIGURE 5 The effect of shortening velocity on the amplitude of the
Pi-transient. The open circles are those data from experiments in which a
quick release preceded isovelocity shortening (at the given velocity) and
the closed circles are from the experiments in which velocity was constant
throughout the shortening. The solid line is the prediction of Pi-transient
amplitude predicted by the three-state strain-dependent model (see
Discussion).
fiber by a laser pulse. In the other fibers in this series, 1 mM
Pi was photogenerated. Recordings b and c were initially at
0.7 mM Pi, but with isovelocity shortening of 0.1 ML/s
[indicated by the displacement record (g)], an additional 1.5
mM Pi was generated at time 0 in contraction c. The results
are comparable to those seen in Figs. 2 and 4. In records e
and f the same muscle fiber was incubated in 2.5 mM P1
before contraction and shortening began. This reduced iso-
metric force by 18% in d-f (as compared with b and c); an
effect similar to that previously reported for this concentra-
tion of P1 (Dantzig et al., 1992). When the Pi transient is
produced by photoliberation of P1 starting from a higher
concentration (as in contraction d, compared with its control
a), the Amppi is reduced in size and is faster, as has been
reported in earlier studies (Dantzig et al., 1992; Walker et
al., 1992; Millar and Homsher, 1990). Similarly, a compa-
rable effect is seen in the shortening muscle (record f as
compared with c). This behavior is more clearly seen in the
difference plots (band c and e-f, see above) given in Fig. 7
A and B. In Fig. 7 A the isometric P1 transient (a) and
isovelocity transient (b) occurring after the P1 increase from
0.7 mM to 2.2 mM exhibits the behavior observed in Fig. 3;
in this case kp; increases from 31.6 s ' (isometric) to 60.3
s 1 during shortening. In Fig. 7 B kp; at 0.1 ML/s and 4 mM
final P1 increased from 65.2 s- in the isometric case to
103.1 s- . At the two different final P1 concentrations (2.2
mM and 4.0 mM), shortening increased kp; over the isomet-
ric value by -35 s- l and reduced the Amppi to -50% of its
value in the isometric contraction. Fig. 8 summarizes the
results of experiments at a series of different Pi concentra-
tions and the photogeneration of 1 mM Pi. The data show
0.7 mU Pi
a
b
d
e
f
gg
0 ' '
-200 0 200
Time (mE)
FIGURE 6 The effects of different [Pi] on P transients while shortening
at a fixed velocity of 0.1 ML/s (as represented in recording g). a-c were
taken in a solution whose initial concentration was 0.7 mM Pi. Those for
records d-fwere in a solution whose initial [Pi] = 2.5 mM. a and d are for
isometric contractions while records b-e were shortening at a rate of 0.1
MLIs. The records for the lower initial [Pi] were shifted upward slightly
(-3% of the isometric force) and those at the high initial [Pi] were shifted
downward by -15% of the isometric force to permit simple identification
of the records. The isometric force at 2.5 mM [Pi] averaged 85% of that at
0.7 mM [Pi]. The vertical bar to the left corresponds to 55 kN/m2 for force
records and 226 ,um for displacement. The average force at 1 mM Pi was
172 kN/m2 and at 2.5 mM Pi was 148 kN/m2 in this fiber. The fiber
dimensions are 3.41 mm long at 2.7 ,um, with a cross-sectional area of
2502 j1m2. The steady-state force during shortening at 0.7 mM Pi was
0.738 P. and was 0.727 PO for that at 2.5 mM Pi.
that shortening at 0.1 ML/s increase kpi by roughly the same
extent at each. Fits of the isometric kp; over this limited [Pi]
range to the equation kpi = k+a + kpi*[Pi], gave ka = 22 s-
and kp; = 7.2 X 103 M-1 s -1 for the isometric case, and k+a
= 41 s-' and kp; = 6.6 X 103 M-1 s-1 for the isovelocity
shortening. The isometric value compares well to the k+a =
23 s- and kp; = 6.2 X 103 M-1 s- over the same [Pj]
range for isometric contractions in the work of Dantzig et al.
(1992).
The effect of isovelocity stretches on the kp,
and Amppi
Based on the data in Fig. 4, one might predict that at
negative shortening velocities (forcible lengthening of the
muscle), kpi might decrease. To see if this was so, several
experiments were made in which the muscle fiber was
forcibly lengthened at 0.1 ML/s during maximal contrac-
tion. These experiments were difficult in that fibers often
broke during the repeated stretches needed for these exper-
iments. Fig. 9 shows a successful experiment. Record c
shows an isometric contraction with the photogeneration of
P1 at zero time (down arrow). Record a is a control con-
traction with a sudden stretch followed by an isovelocity
stretch, while record b is the same protocol with photogen-
eration of P1. The results suggest that forcibly lengthening a
muscle has relatively little effect on the Pi transient. The
1784 Biophysical Journal
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FIGURE 7 Plots of the time course of the Pi transient at final concen-
tration of 2.2 and 4.0 mM [Pi] from the experiments shown in Fig. 6. (A)
is at 2.2 mM Pi: a, the isometric Pi transient (data given by the dots) and
b, shortening at 0.1 ML/s; (B) is 4.0 mM Pi; c, the isometric contraction,
and d shortening at 0.1 ML/s. The solid line in each case is the least-
squares fit to a single exponential with a sloping baseline. For a best fit data
has a st. pt. of 102.3%, amplitude = -23.1%, and a rate of 31.6 s-'; for
b, st. pt. = 102.8%, amplitude = -2.6%, and a rate of 60.3 s-'; for c, st.
pt. = 101.2%, amplitude = - 14.5%, and a rate of 65.2 s- '; and for d, st.
pt. = 101.2%, amplitude of -7.6%, and a rate of 103.1 s- .
experiment in Fig. 9 shows that Amppi is markedly in-
creased by the stretch, but the kpj is little affected. When
Amppi was normalized to the force exerted before the flash,
however, the results show (Fig. 10) that the relative ampli-
tude is only modestly increased, from 13.2% to 16.6%. In
this experiment kpj increased from 26.3 s-1 to 28.8 s l. The
relative amplitude of the Pi transient increased by 13 ± 17%
(mean ± SE, n = 4) and kpj was 26.9 s-1 ± 1.3 s-1
compared with the isometric control of 32.3 s-1 ± 2.9 s-1.
These results imply that at greater strains than in the iso-
metric case, the rates governing the transitions between
so -
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FIGURE 8 Plot of kp; as a function of the final [Pi]. The open circles are
the means ± SE for isometric contractions and the closed circles are from
muscles shortening at 0.1 ML/s. The solid line corresponds to the three-
state strain-dependent model predictions for isometric and shortening
contractions.
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FIGURE 9 Plot of the force produced and Pi transient for an isometric
contraction (c), for a isovelocity stretch with no flash (a), and an isove-
locity stretch with photogeneration of Pi (b). The upward pointing arrow
indicates the beginning of the stretch (a sudden stretch of 38.5 ,tm within
2 ms (1.3% of the fiber's initial length of 2.9 mm (at sarcomere length of
2.4 ,um)), followed by a steady stretch at 5% of the muscle's unloaded
shortening velocity, or 0.25 mm/s. The downward directed arrow corre-
sponds to the time at which 1 mM Pi was photogenerated. The scale at the
bottom of the figure identifies the fiber's zero-force baseline, and has
written on it a time scale marking the time (in s) from the laser flash. The
vertical bar to the left indicates 62 kN/m2. The oscillation of record a is the
result of a small amplitude oscillation of the displacement transducer.
different force-exerting states are not significantly changed
from isometric.
DISCUSSION
Basic observations
Earlier work on the cross-bridge transitions associated with
Pi transients has focused on isometric contractions under
different conditions; differing temperature (Dantzig et al.,
1992), different degrees of activation (pCa) (Millar and
Homsher, 1990; Walker et al., 1992), different types of
muscle fibers (fast, slow) (Millar and Homsher, 1992),
cardiac (Araujo and Walker, 1996), and contraction inhib-
itors (BDM) (Regnier et al., 1995) or potentiators of con-
traction (deoxy-ATP) (Homsher et al., 1993). Those studies
show the same general pattern and support the basic con-
clusion that the cross-bridge cycle involves a force gener-
ating isomerization followed by the release of Pi. In addi-
tion, the rate of the force-generation step is very
temperature-dependent, increasing -fourfold for a 10°C
temperature rise (Dantzig et al., 1992; Walker et al., 1991);
the rate of the Pi transient is dependent on the myosin
isoform type with fast-twitch fiber kpi being -5 times faster
than the cardiac kpi (Araujo and Walker, 1996), which is in
turn -5 times faster that of slow twitch muscle (Millar and
Homsher, 1992). Finally, BDM inhibits the force generating
isomerization (Regnier et al., 1995) while it is accelerated in
fibers using deoxy-ATP as a substrate (Homsher et al.,
1993). The control experiments on isometric contractions in
this work confirm the previous reports in the literature
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FIGURE 10 Plot of the Pi transient (a) of the isometric contraction in
Fig. 9 (record c) and the Pi transient from the isovelocity stretch. In both
cases the force is expressed relative to the force exerted by the fiber just
before the flash. For curve b, the difference was measured between line a
and b in Fig. 9 and normalized to the force in the muscle at the time of the
flash. The dots are the experimental data, and the solid lines are least-
squares fits (an exponential plus a linear baseline) for the data from 5 ms
to 180 ms after the flash. The solid line in both cases is the least-squares
fit to a single exponential with a sloping baseline. For recording a the best
fit data has a st. pt. of 101.3%, amplitude of -13.2%, and a rate of 26.3
s- ; for b, st. pt. = 101.1%, amplitude of -16.6%, and a rate of 28.8 s-'.
(those cited immediately above) about the role of Pi release
in the isometric cross-bridge cycle. In the current experi-
ments, we have characterized the strain dependence of the Pi
transient by either shortening or lengthening the muscle at
an approximately steady state before the Pi transient or Pi
perturbation. Four principal observations were made con-
cerning strain dependence of the Pi transient.
As strain is reduced (increased shortening
velocity), kp; increases in direct proportion
to velocity
This result suggests that the sum of the forward and back-
ward rates of the force generating isomerization increases as
the strain on the cross-bridge is reduced. In our earlier work
(Dantzig et al., 1992; Appendix) we showed that the iso-
metric transient could be explained by assuming that the
rate constant controlling the reversal of the force generation
of the isomerization was independent of strain. If so, free
energy considerations demand that the forward force gen-
erating isomerization must increase as cross-bridge strain or
distortion is reduced. Because force declines more than
stiffness during steady-state shortening (Ford et al., 1985),
the strain on an attached cross-bridge during shortening is
less than that in an isometric contraction. Using similar
reasoning, the increased kpi during shortening might be
explained. Alternatively, it could be hypothesized that the
d
changes seen are related to the reduced force per se and not
the shortening, but this hypothesis is falsified by experi-
ments showing that when force is decreased by the reduc-
tion in Ca21 or in the presence of BDM, kpi is either
unchanged or reduced (Millar and Homsher, 1990; Walker
et al., 1992; Regnier et al., 1995).
As shortening velocity increases, the amplitude
of the Pi transient is reduced to a greater extent
than steady-state force
The implication of this result is that the population of the
highly strained AM.ADP is depopulated to a greater extent
by the shortening than is the AM'.ADP.Pi state. This fol-
lows from the following considerations. If AM'.ADP is the
only significant force-exerting state, then addition of Pi
would (assuming no strain dependence Pi binding) reduce
the AM'.ADP in proportion to the amount of added Pi and
to the existing force. However, if there are, in addition to
AM'.ADP, other force-producing states (e.g., AM'.ADP.Pi,
AM) these states may not sustain as great a depopulation on
shortening. As a result, the reduction in AM'.ADP by in-
creasing the Pi will not produce as great a fall in force. On
the other hand, if shortening had acted simply to speed the
rate of formation of AM'.ADP, then Pi photogeneration
would produce a larger amplitude change in force during
shortening.
During shortening, the extent to which a given
amount of PI increases kp1 is about the same as
that in the isometric case (Fig. 8)
This result seems to imply that the equilibrium constant for
Pi binding to the AM.ADP state is not greatly altered by
changes in cross-bridge strain. This idea stems directly from
Scheme II in Dantzig et al. (1992), which applies to the
mechanism in which Kc is a rapid equilibrium, and where
kpi = ka + k*[Pi/(Pi + Kc)]-
ka Kc
AM.ADP.Pi ->AM".ADP.Pi* >AM'.ADP + Pikb
(Scheme I)
If Kc decreased as a result of a decrease in strain, then kp1
should increase more steeply with [Pi] than in the isometric
case. Similarly, if a decrease in strain produced an increase
in Kc, the converse would be observed. However, in cross-
bridge model simulations (see below) in which Kc is not
varied with cross-bridge strain, we did not observe a paral-
lelism of the rates as seen in Fig. 8. The explanation for this
behavior is not known.
During forced lengthening, neither kp; or relative
Ampp; change significantly
This result implies that the rate constants controlling the
force generation and Pi release are little changed at higher
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strains. This conclusion may seem contradictory to the
earlier results, which imply an increase in the rate at lower
strain. However, most of the force observed in the stretched
muscle is produced by cross-bridges which are brought to a
greater distortion by the applied stretch. As a result the
transitions monitored by the Pi-jump during forced length-
ening are those from cross-bridges at strains not present in
isometric conditions.
Implications for the cross-bridge cycle
A comparison of these results with the experiments of Ma
and Taylor (1994) on freely shortening myofibrils suggests
that during rapid sarcomere shortening the rate-limiting step
in the cross-bridge cycle is one immediately preceding the
force-generating isomerization. Using the following model,
measurements of k+2, k-2, actin-activated Vmax, and Pi-
burst size at 20°C were made. Reasoning from other data
that steps 5 and 6 were >500 s 1, Ma and Taylor estimated
that k+4 was the "effective" rate-limiting step for the
ATPase cycle in freely
(1) (2) (4)
AM + ATP <-> AM(ATP) <> AM.ADP.Pi +-> AM'.ADP.Pi
(3) i IT(3)
M.ATP ` M.ADP.Pi
2
(5) (6)
- AM.ADP AM
shortening myofibrils at 100mM ionic strength and was 140
s-1. This estimate assumes that 22% of the total myosin Si
heads were bound in the steady state. A similar calculation
for k+4 can be made using their data for k+2, k-2, actin-
activated Vm.a, and a Pi-burst of 0.35 at 40 s-1 at 10°C. In
this case k+4 = 70-80 s-1 (again assuming a fractional
myosin S-1 binding of 0.22). The relevance to the present
work is that the AM.ADP.Pi <-> AM'.ADP.Pi transition
(step 4) is the one probed by the Pi transient. At the
relatively low shortening velocity of 0.15 V., kpi was 110
s- l (Fig. 4), 30 s- l faster than the 80 s- l estimated from the
data and scheme of Ma and Taylor, and it is likely that kp,
is faster still at higher shortening velocities. If the force-
generating isomerization and Pi release in the fiber are faster
than step 4 in Ma and Taylor's reaction mechanism, there
must be a rate-limiting isomerization before the force-gen-
erating step and Pi release. Therefore, the rate-limiting step
for the cross-bridge cycle of a rapidly shortening muscle
must occur during the weak-to-strong transition, but before
force-generation or P1 release. (This conclusion is premised
on the assumption that the Ma and Taylor scheme is correct
and could change substantially if another transition is rate-
limiting.) The reason Pi release per se had been suggested as
the rate-limiting step for calcium control of the cycle was
that a minimalist reaction sequence like the one above was
were available regarding kpi. Additionally, in the isometric
contraction, since the rate of ATP binding, cleavage, the Pi
transient and Pi release, and rate of force rise are all more
than 10 times greater than the isometric ATPase rate, the
rate limiting step for the cross-bridge cycle must occur after
the Pi release.
What molecular mechanisms produce the force changes
measured in the Pi transient? Smith and Geeves (1995) have
suggested a mechanism based on data from Rayment et al.
(1993 a,b). In the detached S1 molecule, ADP and Pi are in
the ATP binding cleft, hydrolyzed but prevented from dis-
sociating by the structures of the upper and lower domains
of the 50-kD fragment and the more distal portions of the
molecule. On exposure to actin, the upper domain binds to
form the "A" state, which has little or no influence on the
binding of the ADP and Pi. Next, the lower domain binds to
the actin and force is generated as the distal portion of the
myosin rocks to a position that allows Pi to escape from its
binding pocket. If the strain on the upper and lower domains
is large, the probability of the change in conformation that
allows Pi to escape is reduced. If force is reduced, the
probability of Pi release increases.
Cross-bridge models for the Pi transient
The Pate-Cooke model
Earlier studies of kpi in isometric contractions showed they
could be described by a linear sequential step reaction
mechanism like those used in solution biochemistry
(Dantzig et al., 1992; Millar and Homsher, 1990; Walker et
al., 1992; Regnier et al., 1995; Araujo and Walker, 1996).
This approach may be reasonable for the isometric case,
assuming that the distribution of cross-bridge strains can be
approximated as some "mean" strain. The results obtained
here require a strain-dependent model to account for the
length changes and the consequences thereof. The Pate and
Cooke model (1989a) uses strain dependency but makes
force generation coincident to Pi release from the AM.
ADP.Pi state. We programmed the Pate-Cooke model to
examine its predictions about the Pi transients. It predicts a
strictly linear decline in force with increases in log [Pi] with
a slope of -18% per decade increase in [Pi]. The Pate and
Cooke model also predicts a Pi transient whose behavior
differs from that observed in these and earlier experiments
in several important respects: 1) for a step increase in [Pi]
the model predicts an immediate force decline as opposed to
the 1-4-ms lag observed in experiments; 2) the predicted
time course of force decline following a step increase in [Pi]
from 1 to 2 mM in an isometric contraction can be roughly
approximated by an exponential decay whose rate is 235
s-' as opposed to -30 s-1 observed at 10°C. The force
decline is much better fit by three exponentials ranging from
80 to 1700 s- 1; 3) as [Pi] is increased, the predicted kp1
increases practically linearly by -200 s- l per decade, com-
pared with the asymptote of- 100sl- seen experimentally;
used (Chalovich and Eisenberg, 1981, 1982) and no data
Homsher et al. 1 787
4) the rate of rise of force in this model starting with all the
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cross-bridges detached and equilibrated betw
and M.ADP.Pi is well-fit by a double expone
rates are 68 s- 1 (for the initial 65% of the force
s-I compared with the 12-23 s-1 observed in
studies (Brenner, 1986; 1988; Millar and Hon
Metzger and Moss, 1990; Walker et al., 1992);
Nevertheless, the Pate-Cooke model's predictio
right general direction, which is remarkable inas
model antedates the existence of these data.
The Dantzig et al. model
We next examined a strain-dependent model i
force-generating step precedes the Pi release.
computation and to test its success in accoun
isometric Pi transients, we used the simple three
described in the Appendix of the paper by D
(1992) to learn to what extent it predicts th
observations made above. In this model the foll
tion scheme below was used:
(1) R12(x) (2) R23(x)
M.ADP.PI - AM'.ADP.Pi
AM.ADP.pi R21(x) R32(x)
I'
R31(x)
where M.ADP.Pj and AM.ADP.Pj are weak]
detached cross-bridges (state 1), AM'.ADP.P
exerting cross-bridge state (state 2), and AM'.A
force exerting cross-bridge state (state 3) from
dissociated. R12(x), R21(x), etc. are the rate c4
describe the transitions between states and are s
dent (i.e., their value depends on the value of;
tion of the cross-bridge from its equilibrium pos
where no force is exerted). In this approach
same basic equations as in the Dantzig et al. (1
dix and computed the cross-bridge distributi
range from -2 nm to 10 nm cross-bridge strai
was divided into 480 0.025-nm bins). The diffe
tions describing the rate of change of state
written and numerically solved for each bin. F
computations we assumed that the cross-bridge
of 0.2 RT/nm-2 or (8 X 10-4 N/i). We assume
energy content (G) of states 1-3 is
G1 = OkJ
G2 = (-2.5 + k*x2/2) kJ
G3 = (-2.5) + Rhl*n(Pi/Kc) + k*x2/2)
where Kr is 10 mM and strain-independent.
Rji[x] = exp([Gi[x]- Gj[x]]/RT) (where i corres
state from which the reaction is proceeding and
which the reaction is proceeding), we next
values of one of the rate constants for each
,een M.ATP reaction mechanism. We assumed that the rate of P1 release
-ntial whose (R23(x)) was fast (>500 s-1 at all cross-bridge distortions).
rise) and 17 R31(x) was given a value of 4 s'- for x> 0 to provide a
a number of reasonable isometric ATPase rate (-1 s-1) at 10°C. A
nsher, 1990; much larger value for R31(x) was needed at x < 0 to obtain
at 100-150C. a realistic unloaded shortening velocity. If R31(x) is 870
ns are in the s- , an unloaded shortening velocity of -2300 nm/hs/s is
smuch as the obtained. Finally, Dantzig et al. (1992) found that reason-
able isometric kp; fits were obtained if the reverse of the
cross-bridge isomerization (R21(x)) was set to 100 s-1 for
positive values of x, and because it is generally assumed that
the cross-bridge does not readily attach at negative strains,
in which the we set R12(x) = 0.06 s51 for x < 0. By using these
To facilitate assignments the isometric Pi-transient could be calculated
iting for the with the results presented in Fig. 14. of Dantzig et al.
-state model (1992).
lantzig et al. To compute a Pi transient during shortening, we first
e four main computed the steady-state cross-bridge distribution at each
lowing reac- value of x at a particular shortening velocity, and from it the
isovelocity force. This was done by starting with the cross-
bridge distribution in the isometric case. Shortening at a
(3) particular velocity was represented by a series of small
AM'.ADP step-wise displacements of cross-bridges at one value ofx to
a smaller value of x; i.e., if the muscle is shortening at 100
nmlhs/s (0.092 ML/s), shortening is represented as a series
of 0.025 nm displacements every 250 ,s. After steady-state
(Sche I force was reached, the cross-bridge distribution was stored.(Scheme I) The rate constant R32(x) was altered by increasing [Pi] in
ly bound or the equation for G3, and the computation of the Pi transient
'i is a force during simulated shortening continued using the steady-
LDP is also a state shortening cross-bridge distribution as the initial con-
which Pi has ditions and the altered G3. The results of the computations
onstants that using this procedure are similar to those seen in the inset to
strain-depen- Fig. 11. The model predicts that during shortening kpi will
x, the distor- increase and the transient amplitude does decrease out of
,ition (x = 0) proportion to the change in steady-state force. However,
we used the using the rates above, kpi for a P1 jump from 1 to 2 mM, kp
992) Appen- is two- to threefold faster than and the amplitudes were less
ion over the than half of those observed experimentally. Examination of
in (the range the reasons for these high rates showed that during short-
brential equa- ening the largest tension changes occurred at cross-bridge
rs 1-3 were distortions -0.5-1.0 nm less than in the comparable iso-
or the model metric case. The value of R12(x) at these strains was too
D stiffness, k, large (set by free energy considerations and the value of
that the free R21(x)). To reduce the rates of the isovelocity transients it
was necessary to reduce the value of R21(x) at distortions
<6 nm. We therefore altered the rates of R12(x) (letting
2) R21(x) change as set by free-energy considerations), re-(2) computed the isometric and shortening kp;, and further ad-
justed R12(x) if necessary. Using this iterative process we
kJ found that reasonable behavior could be obtained using a
Gaussian function of x for R12(x) (see Fig. 11 for plots of
Since Rij[x]/ the strain-dependence of each rate constant).
sponds to the The predictions of this model and associated rates are
j the state to given in the Figs. 4, 5, and 8 by the solid lines. The model
defined the successfully predicts the size of the phosphate dependency
step of the of isometric force and it exhibits a subtle sigmoidal rela-
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FIGURE 12 A plot of the fractional distribution of the cross-bridge
intermediates at various strains for an isometric contraction (im) at steady
state (dotted lines) and for isovelocity shortening (iv) at 100 nm/hs/s (solid
lines). dim and div correspond to the detached isometric and isovelocity
intermediate (M.ADP.Pi) respectively; imdp and ivdp to the isometric and
isovelocity AM.ADP.P1 state respectively; and imd and ivd to the isometric
and isovelocity AM.ADP states respectively.
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FIGURE 11 A plot of the rate constants used in the strain-dependent
model that produced the predictions given by the dotted lines in Figs. 4, 5,
and 8. The inset is a model-generated Pi transient (Pi increases from 1 to 2
mM at zero time) for the isometric case (i) and for shortening at 100
nmlhs/s. Note the reduced amplitude and more rapid decay in force seen in
the shortening simulation. kp; for the isometric case is 36 s-' and for the
isovelocity case is 55.4 s- . The amplitude for the isometric simulation is
- 18.0% and for the isovelocity is -5.0% of the preflash values.
tionship between isometric force and log [Pi] as reported
earlier in Dantzig et al. (1992, Fig. 13 C). Linear regression
of the isometric force predicted by the model at 0.2, 1.0, 2.0,
5.0, 10, and 20 mM [Pi] against log [Pi] yields a straight line
whose slope is -36.5% per decade [Pi] and whose coeffi-
cient of determination is 0.976. The magnitude of the de-
viation of the force values from a straight line predicted by
the model at 0.2 and 20 mM would be difficult to detect
experimentally unless one specifically looked for them.
This distribution of rate constants (R12(x), etc.) successfully
predicts the isometric kpi rates (Fig. 8), and was similar to
both the rates and amplitudes for the Pi steps from 0.7 mM
to 1.7 mM at shortening velocities ranging from -25 nm to
222 nm per half sarcomere per second (see Figs. 4 and 5).
Representative time courses of predicted Pi-transients for
isometric and isotonic (100 nm/hs/s) contractions are given
in the inset to Fig. 11 and show that the predicted transients
are exponential. These transients also exhibit a several-ms
lag, and it does not change in any consistent way as the [Pi]
increases (Dantzig et al., 1992). At higher Pi concentration
and during shortening at speeds >50 nm/hs/s, the computed
Pi transient is not as well fit by a single exponential. This
was shown by regular oscillation of the residuals about zero,
and suggests the need to fit the data with several exponen-
tials. However, we do not regard this behavior as a serious
shortcoming because examination of Figs. 3 and 7 show that
at the higher speed and at higher [Pi] there is an increased
scatter of the data about the fit arising from the reduced
signal-to-noise ratio seen under these conditions.
Using the strain-dependencies in Fig. 11, we computed
the time course of force development starting with all the
cross-bridges detached. The model predicts an exponential
rise of force whose rate constant is dependent on [Pi]
(increasing with and increase in [Pi]). At 1 mM Pi, the rate
of rise of force was monoexponential at 20 s- 1 and is
similar to the results of earlier studies that find the rate of
rise of force, kt, ranges from -12-23 in the temperature
range 10-15°C (Brenner, 1986; Metzger and Moss, 1990;
Millar and Homsher, 1990). As [Pi] increases, the rate of
rise of force increases (reaching 31 s-1 at 10 mM) and the
time course is better fit by two exponentials at higher [Pi].
The major discrepancy between the model predictions
and experiment is the dependency of kpi on [PJ] during
shortening at 111 nm/hs/s (Fig. 8). The model predicts a
slope to the relationship that is - 15% of the observed slope.
The model predictions can be brought better in line with the
data in Fig. 8 by making Kc strain-dependent (decreasing it
with decreased strain). However, in solution, AM.ADP
binds P1 very weakly (Kc>>O M) (Geeves et al., 1984). To
use a strain dependence of Kc to better fit the shortening
data in Fig. 7, one must postulate that at strains >5 nm Kc
does not change, at strains <5 nm, Kc falls to values near
1-2 mM, and at strains near 0 nm, Kc rises to >iM. This
scenario seems unlikely and the reasons for the discrepancy
remain unresolved.
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The Effect of Series Elasticity
In model simulations, Luo et al. (1993) showed that the
introduction of series compliance into cross-bridge models
could markedly reduce the rate of the observed force tran-
sients resulting from the photogeneration of ATP in a rigor
fiber or Pi in a contracting fiber. Further addition of series
compliance beyond that in the cross-bridge markedly re-
duces the change in stiffness that accompanies such tran-
sients, because the change in stiffness is shared between the
cross-bridge and the series compliance. Recent measure-
ments showing that the thin filament contributes -50% to
the compliance of the muscle fiber at maximal overlap
(Higuchi et al., 1995), raise the question of the extent to
which the results here are influenced by the series compli-
ance. In paired comparisons of kpi measured at 2.5 gm with
those at 3.3 ,um (at which the series compliance of the actin
should increase relative to that of the cross-bridge), Dantzig
et al. (1992) found no significant differences in the kp;.
Furthermore, Dantzig et al. (1992) measured the change in
stiffness accompanying phosphate transients and found that
the relative change in stiffness was 85% of that of force.
These observations suggest that while series compliance is
likely to play a significant role in the observed values for
kpi, definition of its role requires additional experimentation.
Finally, the model's behavior for eccentric contractions at
speeds more negative than -25 nm/hs/s are not reflective of
muscle behavior; i.e., the model predicts that force will rise
to - 1.75X the isometric force and then progressively fall to
steady-state values less than the initial isometric value. Only
at velocities more positive than -25 nm/hs/s does force rise
to and remain at values - 1.3 that of isometric. The problem
could be remedied by increasing the rate of force generation
at strains >6 nm. More experimentation is needed to better
characterize this type of contraction.
This model does not fully explain the phosphate transient.
The model more closely fits the observed transient behavior
than the Pate and Cooke model in that the decline in force
is well approximated by a single exponential, the model
provides a small lag at the beginning of the transient, and
the rates and amplitudes of the transients are appropriate.
Thus the inclusion of a force-generating isomerization pre-
ceding Pi release better predicts the behavior seen in Pi
transients (Millar and Homsher, 1990; Fortune et al., 1991;
Kawai and Halvorson, 1991). Part of the reason for this is
that it reduces the dependency of the Pi transient rate on the
free energy change for the Pi release step. When the Pi
release step per se produces the force, the absolute rates of
the release and binding vary over a much larger range,
which causes the Pi transient to be very fast and multiex-
ponential. More elaborate models, however, will be re-
quired to better fit the data. Nevertheless, the information
from Pi transients during shortening and forced lengthening
should be useful in defining the strain dependence of the
rates into and out of the force-bearing states.
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